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Symbols, Abbreviations and Acronyms 


ACRV 

ACS 

AFE 

A&I 

A1 

ALARA 

ALS 

ALSPE 

am 

AR 

ARGPER 

ARS 

art-g 

asc 

ASE 

AU 


Advanced crew recovery vehicle 
Attitude control system 
Aerobrake Flight Experiment 
Attachment and integration 
Aluminum 

As low as reasonably achievable 
Advanced Launch System 
Anomalously large solar proton event 
Atomic mass (unit) 

Area ratio 

Argument of perigee 
Atmospheric revitalization system 
Artificial gravity 


Ascent 

Advanced space engine 
Astronomical Unit (=149.6 million km) 


BIT Built-in test 

BITE Built-in test equipment 

BLAP Boundary Layer Analysis Program 

BFO Blood-forming organs 

BMR Body mounted radiator 


C 

CAB 

CAD/CAM 

CAP 

Cd 

CELSS 

CHC 

CG 

Cl 

cm 

c/m 

CM 

c/o 

CofF 

conj 

COSPAR 

002 

Cryo 

C3 

C&T 

CTV 


Degrees Celsius 

Sn^S^dSgn/computer-aided manufacturing 
Cryogenic all-propulsive 

Qofed Environmental Life Support System 

Crew health care 

Center of gravity 

Lift coefficient 

Centimeter = 0.01 meter 

Crew module 

Center of mass 

Check out 

Cost of facilities 

Smndttee^n Space Research of the International Council of Scientific 
Unions 

Carbon dioxide 

Hyperbolic excess velocity squared (in km^/s 2 ) 

Communications and Telemetry 

Cargo Transport Vehicle (operates in Earth orbit) 


d 

DDT&E 

DE 

deg 

desc 


Design, development, testing, and evaluation 

Dose equivalent 

Degrees 

Descent 
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DMS Data management system 

dV Velocity change (AV) 


EA Earth arrival 

E air Earth arrival 

Ec Modulus of elasticity in compression 

EC CV Earth crew capture vehicle 

ECWS Element control work station 

ECLSS Environment control and life support system 

EP Electric propulsion 

ESA European Space Agency 

e.s.o. Engine start opportunity 

ET External Tank 

ETO Earth-to-orbit 

EVA Extra- vehicular activity 


F c 

FD&D 

Few 

PEL 


Ff 

Ffc 

Fi 

Fi 


F n 

F 0 

P 

K 

y" 

^rs 

FSE 

F s 

Fss 

F u 

Fy 

FY88 


g 

GCNR 

GCR 

GEO 

GN2 

GN&C 

GPS 

Gy 


Circulation efficiency factor 
Fire Detection and Differentiation 
Life support weight factor 
First element launch 
Specific floor count factor 
Specific floor area factor 
Aerobrakc integration factor 
Specific length factor 
Normalized spatial unit count factor 
Path options factor 
Useful perimeter factor 
Parts count factor 
Proximity convenience factor 
Plan aspect ratio factor 
Section aspect ratio factor 
Flight support equipment 
Vault factor 
Safe-haven split factor 
Spatial unit number factor 
Volume range factor 

Fiscal Year 1988 (=October 1, 1987 to September 30, 1988. 
other years) 

Acceleration in Earth gravities (=acceleration/9.80665m/s 2 ) 

Gas core nuclear rocket 

Galactic cosmic rays 

Geosynchronous Earth Orbit 

Gaseous nitrogen 

Guidance, navigation, and control 

Global Positioning System 

Gray (SI unit of absorbed radiation energy = 10 4 erg/gm) 


hab Habitation 

HD High Density 

HEI Human Exploration Initiative (obsolete for SEI) 

HLLV Heavy lift launch vehicle 

hrs Hours 


Similarly for 
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hyg w Hygeine water . 

I T7F High atnmic number and energy particle 

H2 Hydrogen 

H 2 O Water 


ICRp International Commission on Radianon Protection 

IMLEO Initial mass in low Earth orbit 

in. Inches 

inb Inbound . . 

IP&ED im ple mentation Plan and Element Descnpnon 

IR&D Independant research and development 

Isp Specific impulse (=thrust/mass flow rate) 

ISRU In-situ resource utilization 


JEM Japan Experiment Module (of SSF) 

JSC Johnson Space Center 


k 

keV 

kg 

klb 

klbf 

km 

KM 

KM/Sec 

KM/SEC 

ksi 


klb 

Thousand electron volt 

Kdopounds (thousands of pounds. Conversion to SI units=4448 N/klb) 

Kilopound force 

Kilometers 

Kilometers 

Kilometers per second 
Kilometers per second 
Kilopounds per square inch 


LCC 

UD 

LD 

LDM 

LEO 

LET 

LEV 

LEVCM 

Level II 

LH2 

LiOH 

LLO 

LM 

LOR 

LOX 

LS 

LTV 

LTV CM 

L2 


Life cycle cost 
Lift-to-drag ratio 
Low density 
Long duration mission 
Low Earth orbit 
Linear energy transfer 
Lunar excursion vehicle 

Lunar excursion vehicle crew module ^rw*-r 

Space Exploration Initiative project office, Johnson Space Center 

Liquid hydrogen 

1 ithium hydroxide 

Low Lunar orbit 

Lunar Module 

Lunar orbit rendezvous 


Liquid oxygen 
Lunar surface 
Lunar transfer vehicle 

Lunar transfer vehicle crew module , _ , . . . 

Lagrange point 2. A point behind the Moon as seen from the Earth which 

has the same orbital period as the moon. 


m 

[MarsGram 

[MARSIN 

MASE 

MAV 


Meters 

Western Union interplanetary telegramj 


TTWaiVAii J w 

Martian pornography] ... . , „ \ 

Mission analysis and systems engineering (same as Level 11 q.v.j 


Mars ascent vehicle 
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M/CdA 

Ballistic coefficient (mass / drag coefficient times area) 

MCRV 

Modified crew recovery vehicle 

me 

Mass of electron 

MEOP 

Maximum expected operating pressure 

MeV 

Million electron volt 

MEV 

Mars excursion vehicle 

MU 

Multi-layer insulation 

mm 

Millimeter (=0.001 meter) 

MMH 

Monomethylhydrazine 

MMV 

Manned Mars vehicle 

MOC 

Mars orbit capture 

MOI 

Mars orbit insertion 

mod 

Module 

M&P 

Materials and processes 

MPS 

Main propulsion system 

MR 

Mixture ratio 

m/sec 

Meters per second 

MSFC 

Marshall Space Flight Center 

Msi 

Million pounds per square inch 

mt 

Metric tons (thousands of kilograms) 

mT 

Metric tons 

MTBF 

Mean time between failures 

MTV 

Mars transfer vehicle 

MWe 

Megawatts electric 

m 3 

Cubic Meters 

N 

Newton. Kilogram-meters per second squared 

n/a 

Not applicable 

NASA 

National Aeronautics and Space Administration 

NCRP 

National Council on Radiation Protection 

NEP 

Nuclear-electric propulsion 

NERVA 

Nuclear engine for rocket vehicle application 

NTP 

Nuclear thermal propulsion ( same as NTR) 

NSO 

Nuclear safe orbit 

NTR 

Nuclear thermal rocket 

N204 

Nitrogen tetroxide 

OSE 

Orbital support equipment 

OTIS 

Optimal Trajectories by Implicit Simulation program 

outb 

Outbound 

02 

Oxygen 

PBR 

Particle bed reactor 

Pc 

Chamber pressure 

PEEK 

Polyether-ether ketone 

PEGA 

Powered Earth gravity assist 

P/L 

Payload 

POTV 

Personnel orbital transfer vehicle 

pot w 

Potable water 

PPU 

Power processing unit 

prop 

Propellant 

psi 

Pounds per square inch 

PV 

Photovoltaic 
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q Heat flux (Joules per square centimeter) 

q R adiatio n quality factor 

RAAN Right ascension of ascending node 

r£S Reaction control system 

Re Reynolds number 

RF Radio frequency , , .. 

RMLEO Resupply mass in low Earth orbit 

ROI Return on investment 

RPM Revolutions per minute 

RWA Relative wind angle 

r&D Research and Development 

Rendezvous and dock 


SAA 

SAIC 

SEI 

SEP 

SI 

SiC 

SMA 

sol 

SPE 

SRB 

SSF 

SSME 

STCAEM 

stg 

surf 

Sv 

51 

52 

53 


South Atlantic Anomaly . . 

Science Applications Intemanonal Corporanon 
Space Exploration Initiative 

Solar-electric propulsion . 

International system of units (metric system) 

Silicon carbide 
Scmimajor axis 

Solar day (24.6 hours for Mars) 

Soalr proton events 
Solid Rocket Booster 
Space Station Freedom 

Space TransferSiSiS 1 and Analysis for Exploration Missions 
Stage 

Distance along aerobrake surface aft of the stagnation point 
Distance alonf aerobrake surface starboard of the stagnation porn 


t. 

TBD 

Tc 

TCS 

TEI 

TEIS 

t.f. 

THC 

TMI 

TMIS 

TPS 

TT&C 

T/W 

UN-W/25Re 


Metric tons (1000kg) 

To be determined 
Chamber temperature 
Thermal control system 
Trans-Earth injection 
Trans-Earth injection stage 
T ank weight factor 
Temperature and humidity control 
Trans-Mars injection 
Trans-Mars injection stage 
Thermal protection system 
Tracking, telemetry, and control 
Thrust to weight ratio 

Uranium nitride - Tungsten/25% Rhenium reactor fuel 


VAB 

VCS 

Vinf 


Vehicle Assembly Building 
Vapor coolled shield 
Velocity at infinity 
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WBe 2 C/B 4 C Tungsten beryllium cabide/Boron cabide composite 

WMS Waste management system 

W/0 Without 

WP-01 Work package 1 (of SSF) 

w/sq cm Watts per square centimeter (should be Wcnr 2 ) 

Z Atomic number 

zero g An unaccelerated frame of reference, free-fall 


[order, numbers followed by greek letters] 

100K <100,000 particles per cubic meter larger than 0.5 micron in diameter 

Ini Where n=(0,2-6): Boeing Company jet transport model numbers 

°k Kelvin (K) 

+e Positive charge equal to charge on electron 

-e Charge on electron 

AV Change in velocity 

S Standard deviation 

jig Microgravity ( also called zero-gravity) 
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I. Evolution of the Concept 


A. Reference Concept Development 
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I. Evolution of the Concept 


Dining the 90 Day Study, NASA's two Office of Space Flight (Code M) Space Transfer Vehicle 
(STV) contractors supported development of SEI lunar transportation concepts. This work treated 
lunar SEI missions (and evolution to the support of later Mars missions) as the far end of a more 
near-term STV program, most of whose missions were satellite delivery and servicing 
requirements derived from Civil Needs Data Base (CNDB) projections. STCAEM's contribution 
to that effort focused mainly on crew system design, since this was recognized as offering potential 
for commonality with crew cab design for Mars excursion vehicles (MEVs). 

Later, STCAEM began to address the complete design of a lunar transportation system. 
Because of our Mars concept experience, our perspective was particularly sensitive to evolutionary 
systems; the approach of looking back from a Mars mission perspective is thus complementary to 
that of the parallel NASA studies. Our effort was guided by attention to two broad drivers. First 
were precisely those technical requirements whose resolution had proved so intractable for earlier 
concepts: 

1) State-of-the-art understanding of constraints imposed by the detailed geometry of 
aerobraking upon Earth return: non- symmetrical relative wind configurations for lifting flight 
profiles; off-axis placement of composite mass-center (CM); and changing mass-balance conditions 
due to sequential propellant expulsion. 

2) The need to accommodate "mixed" payloads in a reasonable lunar exploration program: 
versatility in the delivery of a wide variety of heavy-cargo payload manifests, rarely if ever mass- 
split evenly; cargo processing and loading requirements in LEO; cargo exchange between transfer 
vehicles and excursion vehicles; cargo offloading on the surface of the Moon; cargo placement on 
manned flights; and shirtsleeve (IVA) exchange of crew between transfer and excursion vehicles. 

3) Provision for transfer of cryogenic propellants: a typical scenario is supplying 
LH 2 , brought from Earth by a transfer vehicle, to a reusable lander based in low lunar orbit (LLO). 
Cryogenic propellants are baselined, of course, because of the requirement for high-thrust 
propulsion for planetary landing and ascent. (The use of nuclear thermal propulsion for lunar 
transfer is potentially attractive, but still involves cryogenic propellant management) 

4) Potential for full system reusability: designs which drop tanks are better for limiting 
aerobrake size, but have negative cost implications for advanced cryogenic storage technology, and 

FREOEOffaCi r\\r,Z BLANK MO- HLMED 
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negative operational implications via the accumulation of empty tanks in cts-lunar space and on the 
lunar surface. Mission modes which posit multiple annual flights for several decades dnve us to 

consider full reusability. 


Second, we recognized that over several decades of lunar operanons, many mission modes 
should be accommodated. What is needed is not so much a single vehicle or patr of vehicles, but 
rather an evolving lineage of vehicles, fabricated on long-lived production lutes, whtch can be 
adapted gracefully and economically to handle contemporary requirements. Two observations 

keyed this investigation: 


1) Lunar flight htudware decisions will probably be made before final slut selection daemons. 
This means that tire lunar transponation architecture should be careful not to constrain sire selection 
u, less than potentially global access. Many possible mission modes must be preserved by th 

architecture. 


2) An early lunar surface operations capability can be obtained by using a tandenniirect flight 
mode, in which one lunar transfer vehicle (LTV) boosts another, "campsite" LTV to a ftacoon - 
mbit direct landing on the Moon. The crew would be sent separately on an identical profile, 
returning directly to Earth, surface in their hea, -shielded crew capsule. No UX> operations no 
„o LTV recovery, and no space station rendezvous upon return would be needed, no 

would a specialized lunar lander (LEV). 


What resulted was a lunar transportation family (LTD concept, consisung of vanous 

••models" of two basic, cryogenic vehicle "chassis": anLTVwid. 110. propellant capacity, and 

an LEV with 25 t capacity. Particular vehicle combinations tom tins evolutionary farmly can 
11 distinct mission modes, to provide versatile, flexible service for decades as mission 
requirements evolve. For instance, the addition of an aerobrake would permit unmanned recovery 
of the boost-stage LTV, providing invaluable flight qualification experience for later man-rating. 
(Such an aerobrake can be essentially the symmetrical central core of die asymmemcal Mars-class 
aerobrakes discussed later, since die L/D requirement is only about 0.25 for rniar missmn , 
aerobrake technology evolution is then enhanced.) A heavy-cargo lander would be amode 
upgrade to the campsite vehicle design. If die scale of the exploration architecture J^^dre 
more efficient lunar-orbit-rendezvous (LOR) mode, a dedicared lunar excursion vehicle (LEV) 
could be introduced. For fully reusable operations, a version of rhe campsite habitaoon module 
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would provide crew support during the extended-wait required by return orbit phasing. If electric 
propulsion Mars missions were operated efficiently through a lunar librarion-point, LTVs could 
support these as well as lunar operations. And LTVs could supply the final capture propellant to 
an N'lK vehicle returning from Mars. Lunar transportation operations can be upgraded to the use 
of lunar-derived oxygen (LLOX) with this family of vehicles also. All combinations of crew and 
cargo manifests identified so far for lunar support, and all lunar-related SEI missions identified so 
far, can be accommodated by the LTF. 


% 
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LTV/LGV Concept Constraints 
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LTV / LEV Concept Constraints 



Growth capability (ganged LTVs for evolutionary architectures, higher energy 
or alternative missions) 



LTV/LEV Configuration 
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LTV/LEV Configuration 
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LEV Surface Configuration 





Lunar Vehicle Configurations 
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Lunar Vehicle Configurations 
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LEV / LTV Configurations 
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LEV / LTV Configuration 
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Resultant Force Vector 
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Lunar Transportation Family (LTF) 

Threefold Design Strategy 
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Early Capability: "Campsite" operations (expandable mode, without 



Lunar Family Configuration 1, 2 & 3 
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Front View 
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Top View Front view 



Lunar Transportation Family (LTF) 
Preferred Evolution 
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Lunar Transportation Family 

Preferred Evolution 
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Lunar Transportation Family 

Evolution 

| Boost Stage! 1 






Lunar Transportation Family 
Configurations 
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Lunar Transportation Family 

Tandem-Direct Cargo 
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• Can send up to 8 crew in this mode for 
crew changeout in early base phases 


Lunar Transportation Family 

Tandem-Direct Large Cargo 
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Boost Stage 


Lunar Transportation Family 

LOR Cargo 



IMLEO (in kg) 171,880 




Lunar Transportation Family 

LOR Crew and Cargo 



Resupply Propellant 20,997 

Payload 10,000 

IMLEO (in kg) 158,419 


Lunar Transportation Family 
LOR Cargo using LLOX 




Lunar Transportation Family 

LOR Crew using LLOX 
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1MLEO (in kg) 196,791 



Lunar Transportation Family 

Crew Delivery Through L-2 
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• Delivered resupply propellant is used 
to transfer NTR to SSF orbit 



Lunar Transportation Family 

NEP/SEP Crew Delivery 



Assumes LEO to L2 transfer & 
aerobrake in LEO return 


LOR Excursion Vehicle 
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LOR Excursion Vehicle 



Front View Isometric View 
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B. Alternate Concepts 
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Preliminary Lunar NTR Vehicles 

designed to carry same payload as 90 day study reference chemical LTV/LEV system 
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Cryo vs. NTR LTV Comparisons 
* Preliminary Estimates 
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Lunar NEP 


This section contains a preliminary parametric analysis of Lunar NEP performance 
capabilities. The section contains the following 

• IMLEOvsIsp for various power levels 

• Propellant Mass vs Isp for various power levels 

• Trip Time vs Isp for various power levels 

• Payload Fraction vs Isp for various power levels 

. Breakdown of EMLEO for various power levels - 10 kg/kW 

• Breakdown of IMLEO for various power levels - 15 kg/kW 

A power level of 3 MW (@ 5,000 sec Isp) will transfer 100 t of payload in less 
than 6 months. The IMLEO of this vehicle is -150 1. The analysis assumes constant bum 
time and uses fundamental electric propulsion equations. 
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Lunar NEP Cargo Vehicle 
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Lunar NEP Cargo Vehicle 
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Lunar NEP Cargo Vehicle 
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Lunar NEP Cargo Vehicle 






Lunar NEP Cargo Vehicle 

10 kg/kW, 100 1 Payload 
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Isp (sec) 
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C. Architecture Matrix 
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Logical Types for Space Programs 
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Program Implementation Architectures 
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Direct cryogenic/ Combined MTV/MEV refuels Eliminates Mars orbit 

aerobraking at Mars and LEO. "Fast" operations. 

conjunction profiles. 

Cycler orbits Cycler orbit stations a la 1986 Eliminates boosting massive 

Space Commission report Mars transfer vehicle. 



SEI Program Scopes for Transportation Architecture Analysis 
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Earth-L2-Mars Mission Profile Schematic 
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Earth-L2-Mars Mission Profile Schematic 
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Earth swingby to Mars: 

Depart L2 - 330 ni/sec 

Earth swingby typ. 1200 m/scc 

(sqrtll 15.9 + C3) - 10.473, km/scc) 



Our basic cost model kernels are parametric cost models. We use the Boeing Parametric Cost 
Model and the RCA Price models to estimate development and unit cost. The determination 
of hardware to be costed comes from what architectural elements are needed and from 
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Life Cycle Cost Model Approach 
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ecological life support and ISRU 
for efficiency. 





o 


Cm 

U 

z 

c* 

u 

4> 

*3 

s 

9 

z 

o> 

u 

S 

u 

a* 

u 

]■ 

< 

U 

JO 


S 

« 

u 


CO 

o 

U 


w 

►» 

U 



o 

? c a o c 

,2 - w o j. o y 

o w © w E £ 

e c *5 ^ m ts *“ 



4 ) <— O O g co . 

l-t: g © « 42 •© © ■£ OS •“ — 

""5 o"°«> r I u. 2 e 3 


« © 

J* » 

CO «c 


"©''©.x*2ft'-S2c© 

bf.uOOS © - 

° *'• a« v & SS*5 

4J *t2 M CO ^ ^ H W v. g 

s°?i | -sSj^«| 


CQ 

22 


_ ^5 
S-.I-E 


3 

O 


•o ’*“ 

i ■© 

/**v 

w 

3 m 

C © 
© e 

e 

o 

c 

m 1 u 
3 u 

(M 

E 8 


E e 

c 

3 

CO 

— • c 

« g 

*m 2 

• 

CO 

V 

c <m 

o ° 

*3 

a* 

* 3 
«-» w* 

CO ++ 

O > 
^ 3 

*3 

•9m 

JC 

° s 

JK® 

o 

c 

O 

o e 
o 


00 

3 

O 


CO 


£ £ u 

E M ®- 

o 

- b S • *1 *c 5 ® *§• 3 ® « 

^SSS^Ij© * 


o rss £ -2 2 ~ © .2 
© .2 s .§ e’=*ISc 

tt^-nEwNsac 

*■> _r- _ o Tt Tt e •— 3 o o 


3 

o 


CO 

o 

c3 

Urn 

CO 

3 


>s 

-1-2 = 1? 

■ g JB 2> C § 

2 3 «’g = s|« ^ 

oowSS^©-^ 3 2 « 

o«j»«o_* w t: ®o^ 

»e0£2«bS>Sa3b 

?=EH=cSS=?=©-©«e 
— 2. 2« .S»_E- 

o JSw^ *£ >> .fi .3 5 G 

Mfsi M ,< 1 S>"»Tl*'“ 1 |Su 
co S a 5 j c S ._ s o v 

o.** o • • .b © .E © 5 

2 »i 7 o •"* u O 

“ " - <= 

3 a 3 « 


p ■ “ “ o # “ « 

— o S a 

«S 
3 >>•£ 

<2 


3 § 


> 

S 


o 

.3 


&> 

H 


~ 00 ~U.CC>. 
£ 3^ v- *2 « • w 

2 B o°css«e“c-o 
u o o. © © u 3 g J » 2 S 
e *s r ► « J2 

O g W ® g « 

■* taa fi* 


_ <D Q. O O o 


S gn jb c — w c w — = — 

JS .3 f « 3 ® ’S S P .3 C 

o *o o b fi c 5 2 t 5 a 

£ S £ .3 Cu ^ 3 2 C^Om co 2 

3.3 3 W O .2 J2 co O U w O i3 


D615- 10026-6 


76 




D615-10026-6 


77 


/STCABM/pw/l6June90 





D6i5- 10026-6 



Architecture/Launch Vehicle/Node Trends 
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Available Options 
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Total possible combinations 2,799,360 
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Cryo vs. NTR LTV Comparisons 
‘ Preliminary Estimates 
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Lunar Oxygen Delivery Mission Description 
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II. Requirements, Guidelines 

and Assumptions 


A. Level I, II and in Requirements 
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Lunar IP&ED Text 

[, Editorial note: viewfoil charts are referred to as ‘charts’. If the convention in the 
IP&ED documents is to refer to them as 'figures’ or ‘tables’ , do a find and replace 
operation (9€H in Microsoft Word 4.0)] 

II. Requirements and Assumptions 
II.A. Levied Requirements 

There is not a controlled baseline (system specification and configuration) for this study. 
This section includes our best understanding of what NASA would define as requirements 
if they had to be baselined at this time. It also includes lower level requirements and 
assumptions we derived or made respectively. 

Level I requirements (first chart) are concerned with overall program schedule, mission, 
funding, and interface to other programs. Level II requirements (charts 2 through 4) are 
grouped by systems: Earth-to-orbit (ETO) transportation, ETO support facilities, space 
transportation vehicles, crew transfer module, and Lunar surface system interface. 

The level I requirement of a first cargo landing in 2000 lead to level II requirements for 
ETO transportation test flight and Space Station Freedom (SSF) support readiness in 1999. 
The Level I requirement to use SSF leads to specific SSF accommodations requirements in 
the Level II requirements. 

Level HI requirements include vehicle specific requirements. The fifth chart lists 
requirements levied on the space transportation vehicles. These are propulsion 
characteristics: cryogenic propellant with an aerobrake; design margins; and operational 
characteristics: boiloff of cryogcns, propellant transfer capability, and baseline orbit 

II.B. Derived Requirements 

In the course of the study, derived requirements were developed from the levied 
requirements and the analyses. In some cases changes to the levied requirements are 
recommended. Issues addressed by the derived requirements in the mission area include 
the reference mission, basing, on-orbit assembly, modularity, and life (chan six). Other 
areas addr essed in derived requirements are habitation module, propulsion, and transfer 
vehicle requirements (chart seven), and excursion vehicle and aerobrake requirements 
(chan eight). Excursion vehicle requirements include performance requirements and design 
requirements. 

ILC. Assumptions 

Assumptions have to be marie in the initial cycle of analysis because all the data required is 
not yet available. In later analysis cycles, these initial assumptions will either be validated 
or replaced by more correct values. The subjects for which assumptions have been 
recorded are crew size, cargo capacity, aerobrake characteristics, ETO vehicle capacity, 
mission mode, and engine out capability. 


QI. Mission Operation 
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Lunar Transportation Family 

Level II Requirements 

Earth-to-Orbit Transportation 
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SSF will be capable of supporting the lunar program in 1999 
Minimal vehicle assembly activities in LEO desireable 
SSF is fully operational node to support transportation in 2000 
SSF accommodates 1 LTV/LEV/Aerobrake/Cargo until 2004, 
thereafter 2 
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Lunar Transportation Family 

Level II Requirements 
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- Irregularities < 0.2 m 

Solar flare protection provided by LSS 



Lunar Transportation Family 

Level III Requirements 
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B. Derived Requirements 
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• System evolution to Mars rather than entire vehicle 

• System flexibility for changing mission modes: 

- Changing crew size 

- Changing payloads 

- Increasing propellant loads 
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• Accommodate 4 crew initially for up to 28 days 

• Single up/down orientation during both landing and aerobraking 

• Contiguous transfer to Excursion Vehicle 
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Lunar Transportation Family 

Derived Reauirements 
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L/D = 0.25 

Sized to accommodate a reusable system 
Derivative of the Mars L/D = 0.5 shape 
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Lunar Transportation Family 

Assumptions 
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T/W = 1.6 for lunar descent 

T/W = 0.4 in transit 

RL- 1 0 derivative, 30 klbf engines 
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III. Mission Operations 


A. Mission Analysis and Performance Parametrics 
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IIL Mission Operations 

The mission operations section includes data on mission analysis studies and performance 
parametrics as well as the operating modes and performance evaluations which include the 
STCAEM recommendations. 

A. Most of the lunar mission analysis and performance data was generated during the 
90-day study time-frame. Included in this document is data on timing of translunar 
trajectories, the lunar orbit insertion AV for different arrival asymptotes, transit time, and 
opportunity for lunar transit leaving from the vicinity of Space Station Freedom. 

B. Initially, we identified seven lunar vehicle modes which could be implemented with a 
pair of vehicles; an LTV-like and an LEV like vehicle. During the course of configuring, 
sizing and generating performance data on these vehicles, 11 mission modes were 
identified which can be implemented with 5 major elements; a 1 10 1 propulsion stage, a 25 t 
propulsion stage, a transfer hab, a crew cab and an aerobrake. Implementation of the 
various mission modes is accomplished by “piecing” together the required elements. The 
result is a Lunar Transportation Family (LTF) that is flexible and can evolve to meet 
growing mission needs and changing mission modes. 
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Lunar Analysis 
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Lunar Launch Windows from Space Station Orbit 
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Aerobraking Maneuver Characteristics 
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Earth Aerocapture Vectors 
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Capture Error Correction Vectors 
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Recommended Lunar Delta V Budget 
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Lunar Oxygen Delivery Mission Description 
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B. Operating Modes and Performance 
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Lunar Modes and Vehicle Options 
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Lunar Modes and Vehicle Options 









Propellant vs. Inert Mass for Lunar/Mars Vehicles 
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Propellant vs. Inert Mass for 
Lunar/Mars Vehicles 
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• Data developed from stages designed in STCAEM study 

• Linear regression allows parametric sizing 

• Mass = 2500 + (0.0875)(Propellant capacity) [kg] 
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Lunar Modes Performance 

Crew Mission, 1 1. Payload Returned 
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Note : LTV crew cab mass 8.05 1; LEV crew cab mass 3.5 1. 
Isp 475 sec. 




This page intentionally left blank 


D615-10026-6 


148 


Lunar Modes Performance 

Cargo Delivery Mission 
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Lunar Transportation Family 
Systems Required for Varying Missions 
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Lunar Transportation Family 

Systems Required for Varying Missions 
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IV. Element Descriptions 


A. LTV/LEV Components 
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IV. Element Descriptions 


Element descriptions for the lunar transportation family included in this document are a 
listing of the LTV/LEV components, trade studies and mass analyses of the transfer and 
excursion modules, ACRV (MCRV) modifications required to fulfill lunar operanons, the 
aerobrake shape and L/D to be used, and some costing methods and results. 

A. Component listings, assumptions and sizing criteria are included for the LTV, LEV, 
ACRV and the service module (Apollo command module derivative). This information is 
provided to give an overview of the major components of the lunar transportauon family 
and their related subsystems. 


B. An LTV/LEV habitat trade module study was conducted to size crew modules for 
varying crew sizes and mission durations. Two types of transfer modules were evaluated, 
an aerobraked module and a direct entry (Apollo-type) module, as well as a single module 
concept for transfer and excursion (direct entry at Earth) and excursion modules. Crew 
sizes of 2, 4, 6, and 8 for transfers of 24 days and surface stays of 1, 14, 28 and 42 days. 
Sizes for these 36 modules were generated from historical spacecraft data, and mass 
statements were generated from SSF and STCAEM estimates. Results of this trade study 
provide good estimates as to the size and mass of lunar crew modules. 

A trade study was also performed to determine what point it becomes more mass efficient 
to have a separate surface hab along with an excursion module, if a base is not available 
and missions of the excursion/exploration class are being performed. Results show that 3- 
8 days is the crossover point. 


C The SSF ACRV was originally believed to be easily adaptable to small scale lunar 
mission, which would allow the use of "existing" hardware. For the small scale program 
the ACRV was to be used for the reentry phase back at Earth. However, the ALKv 
currently envisioned for SSF will not fulfill lunar mission needs because of its size The 
internal volume is extremely limited since it is designed for a 6 hour mission rather than 7 
to 24 day missions. In order to provide sufficient volume for crew operanons and 
equipment storage, the interior volume would need to be increased approximately 250% 
(giving the same amount of free volume as the Apollo Command Module). Increasing the 
volume requires major structural modifications and the resulting craft would be unhke die 
current ACRV. Therefore, a more appropriate use for the ACRVis as a crew module for 
the LTV in a direct-to- surface (tandem direct) mission scenario. Pnor to Earth reentry, the 
crew transfers to the ACRV and separates from the LTV, which is expended. 


D The aerobrake to be used in the lunar transportation family is envisioned as being an 
eily version of the Mars low L/D (L/D = 0.5) shape. The idea is to take the symmetrical 
center portion of the hyperboloid shape and fly at an L/D of about 0.25. Tins symmetrical 
portion of the Mars shape is about the right size to accommodate t 5 e ,, L ]J^ th ° u f t h 5f'^ n g £ 
drop tanks. Another variation to this concept is to have standard addmons that can be 
adde d to the outer rim of the brake to accommodate growing mission needs. When Mars 
comes into the picture, an "addition" can be fabricated to accommodate these missions. 

Heating analysis was performed on this shape, and it was found that the ballistic coefficient 
is very low in comparison with Mars and the heating temperatures only reach about 1870 K 
at the stagnation point 

E Costing for the lunar transportation family is being calculated for both hardware cost, 
using the Boeing Parametric Cost Model (PCM), and life-cycle cost, using a model 
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developed by Madison Research. Preliminary costing date from PCM is included in this 
document, and the life-cycle cost data is in progress and will be reported in later documents 
(IP&ED updates, final report, technical directives, etc.). 
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Components for Direct Flight, 
Tandem LTVs 




*8 

2 


in 

y 

*T« 

E 

> 

UJ 

u< 

m 

Z 

2 

H 

< 

z 

D 

J 


*> 

o 


0> 

00 


u p-- 
To 13 

* 3 

Un 


8 

CQ 

* 


o 

is 

c 

o 

U 

to 

3 

O 

E 

o 

c 

o 

3 
< 
GJ O 

11 

8§ 

< tu 


> -p 

Q£ 5 

y I 

*p ^ *o 

c o -o 

t> — c 

e S 

8.2 O. 

S3 

B S. 

i c s 

c 8 8 

8-a< 

“ O V 

u 
ca 


•o 

T3 


2 

co g fe-s 3^: 

<oo a u- w co 

» I I t * 


3 

> 

a: 

to O 

Sf< 

_j o 

60‘S 
•S-S 
1-2 
i -s 

2 3 c 

5 50 

2 41 w 

B tS 
= = 

&0 < U. •£ 



STCAEMAIs/06Scpt90 




u 



to 

a 

o 

*3 

CL 

E 

3 

to 

CO 

< 


% 


< 

U 

H 

CO 


D615-10026-6 


159 


-Lunar Oxygen is used for the ascent and descent phases. 
LTV tanks can hold 1 10 metric tons of propellant. 
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Service Module for the ACRV 
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Reference: Apollo Spacecraft Reference (Lunar 
Module), Grumman Aerospace Corp., 19??. 
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B. Habitation Modules 
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LTV/LEV Habitat Module Study 
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LTV/LEV Habitat Module Study 
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- Excursion module in conjunction with transfer module 
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LTV/LEV Hab Modules 
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LTV/LEV Crew Volume Guidelines 
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LTV/LEV Crew Volume Guidelines 
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Lunar Transfer Modules Configuration Envelopes 
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Lunar Transfer Modules 
Configuration Envelopes 



STCAEM/sdc/05Junc90 















Lunar Transfer Module Mass Summary 
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Lunar Transfer Module Mass Summary 



D615- 10026-6 


173 


Operates in conjunction with an excursion module 
Sized for a 24 day free return abort 
"Direct-entry" module is an "Apollo" shape 
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Lunar Transfer Crew Module 


sac/uoj uucru 


24 day duration 


Crew Size 


Habitable Volume (m3) 


ECLSS Total 

Atmosphere Revitalization System (ARS) 
ACS (tanks & 1/2 nec. SSF equip.) 
Atmos. Composition Monitor Assembly 
Thermal Control/Temp. & H umi dity 
Control (1/2 SSF - av. air equip.) 
Potable Water and Storage System 
Fire Detection and Suppression System 


Structure Total 
End cones (2) 

Berthing ring/mechanism (1) 
Berthing interface plate (1) 
Cylinder primary structure 
Cylinder secondary structure 
S tandoff/utililities/ distribution 
Hatches (2) 

Windows (4) 

Couches/sleepers 


omman 

ECWS (1/2 SSF) 

DMS/audio - visual 
Fault detection and isolation 
Power system (solar arrays, batteries, 
onboard equipment) 

Lights (1/2 SSF) 


T'TivvmZMXnSMlEE} 



Consumables to 
Food and packaging 
A tmo spheric make-up and 3 represses 
(20% reserve) 

Other (clothes, hygiene equip., etc.) 
Potable water 


either total 
Personnel and effects 
Equipment spares 
Tools 

Radiation shelter 


2 


44 


1,272 

242 

274 

125 

479 




Note: All weights are in kilograms 

Lunar sample material m a s s not included 
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Lunar Transfer Crew Module 
Direct Entry 

24 day duration 


Crew Size 

2 

4 

6 

8 

Habitable Volume (m3) 

44 

48 

72 

96 

ECLSS 

1,272 

1,317 

1,361 

1,406 

Structure 

1,766 

1,890 

2,374 

2,930 

Command/Control/Power 

524 

762 

802 

842 

Man-Systems 

417 

457 

497 

537 

Consumables 

498 

452 1 

1,278 

1,704 

Personnel and Effects, Spares, etc. 

305 

489 

673 

923 

Radiation Shelter 

778 

1,202 

1,626 

2,050 1 

Earth Entry Heat Shield 

2,008 

2,149 

2,760 

3,358 

Earth Recovery Equipment 

454 

547 

682 

825 

Mass Growth (15%) 

1,020 

1,180 

1,441 

1.712 

Total Module Mass 

9,042 

10.845 

13.494 

16.287 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Lunar I’ransfer/Excursion Direct Entry Module Mass Summary 
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Lunar Transfer/Excursion Direct Entry Module 

Mass Summary 
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• 24 day duration includes 1 & 14 day surface stays and 
is sized for a 24 day free return abort worst case 

• 35 day duration includes a 28 day surface stay 

• 49 day duration includes a 42 day surface stay 
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SOC/UOJ lUic^u 


Lunar Transfer/Excursion Crew Module 

Direct Entry 

24 day duration* 

1 day and 14 day surface stays 



* 1 day surface stay or 14 day surface stay 
7 day round trip 

24 day free retrun abort - sized for worst case 
** Volumes sized for 21 day nominal case 


Note: All weights are in kilograms 

Lunar sample material mass not included 


PRELIMINARY 


PRECEDING PAGE BLANK NOT FILMED 


D615-10026-6 


181 




Lunar Transfer/Excursion Crew Module 

Direct Entry 

35 day duration* 

28 day surface stay 


Crew Size 

2 

4 

6 

8 

Habitable Volume (m3) 

66 

132 

198 

264 

ECLSS 

1,293 

1,835 

2,692 

3,549 

Structure 

2,801 

3,901 

4338“ 

6,045 

Command/Control/Power 

1,703 

2,476 

3,232 

4,021 

Man-Systems 

417 

457 

457 

537 

Consumables 

\ 555 

DTS 

““2375 

3,436 

Personnel and Effects, Spares, etc. 

h ~” 355 1 

489 

”673 

923 1 

Radiation Shelter 

778 

1,202 


2,050 

Earth Entry Heat Shield 

2,600 

4,212 

5,501 

6,581 

Earth Recovery Equipment 

647 

977 

U98 

1,629 

Mass Growth (15%) 

1,376 

2,190 

2,878 

3,581 

Total Module Mass 

12,813 

19,457 

25,813 

32,352 


* 28 day surface stay 
7 day round trip time 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Lunar Transfer/Excursion Crew Module 

Direct Entry 

49 day duration* 

42 day surface stay 


Crew Size 

2 

4 

6 

8 

Habitable Volume (m3) 

84 

168 - 

252 

336 

ECLSS 

1,693 

2,403 

3,546 

4,687 

Structure 

3,145 

4,586 

6,002 

7,442 

Command/Control/Power 

1,703 

2,476 

3,232 

4,021 

Man-Systems 

417 

457 

497 

537 

Consumables 

1,146 

2,289 

3,435 

4^79 

Personnel and Effects, Spares, etc. 

305 

H 48$ 

673 

923 

Radiation Shelter 

778 

1,202 

1,626 

2,050 

Earth Entry Heat Shield 

3,094 

4,943 

6,456 

7,757 

Earth Recovery Equipment 

737 

1.131 

1,528 

1,919 

Mass Growth (15%) 

1,673 

2,511 

3,359 

4,181 1 

Total Module Mass 

14,691 

22,487 

30.354 

38,096 


* 42 day surface stay 
7 day round trip time 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Operating. Mode 

• In conjunction with a transfer vehicle (LTV/LEV scenario) 

• Excursion module only - no direct Earth entry or transfer 




Lunar Excursion Modules Configuration Envelopes 


CO 

>> 

2 

to 

o 

a 

t! 

3 

GO 


00 

•a 

§ 

VO 

•k 

ri 


co 

£ 

P 


CO 

*0 

o 


a 

o 


V 

X 

a> 


CO 

8 

w 

a> 

> 

to 

8 

a> 

•S w 
oo b 

g-3 

J: 

GO 

cs 

J s 

o 00 

CO ^ 


D615- 10026-6 


186 


Lunar Excursion Modules 
Configuration Envelopes 



D615- 10026-6 


NOTE: All modules 4.4m diameter 








Lunar Excursion Module Mass Summary 
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Lunar Excursion Module Mass Summary 



189 


Operates in conjunction with a transfer vehicle 

1 day duration includes 1 repress 

14 and over durations include an airlock and 2 represses 
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Lunar Excursion Crew Module 

1 day duration 


SOC/UOJUUC7U 


Crew Size 

2 

4 

6 

8 

Habitable volume (m3) 

44 

44 

44 

44 

ECLSS Total 

228 

341 

454 

566 

ARS/ACS/ACMA 

11 

21 

32 

42 

1 Repress (incL 40kg plumbing) 

95 

95 

95 

95 

Temperature and Humidity Control 

96 

192 

288 

384 

Thermal Control System 

20 

20 

20 

20 

Potable Water Storage System 

6 

13 

19 

25 

Structure Total 

1,630 

1,665 

1,700 

1,735 

Primary/Secondary Structure 

1,032 

1,032 

1,032 

1,032 

Berthing ring/mech. (1) 

139 

139 

139 

139 

Berthing interface plate (1) 

90 

90 

90 

90 

Hatches (2) 

134 

134 

134 

134 

Windows 

100 

100 

100 

100 

Chairs 

10 

20 

30 

40 

Vents/Plumbing 

125 

150 

175 

200 

Command/Control/Power Total 

323 

409 

495 

580 

ECWS/DMS 

100 

100 

100 

100 

Fault Detection & Isolation 

— 

— 

— 

— 

Power System 

173 

259 

345 

430 

(Fuel cells, cond. eq., solar arrays) 





Lights 

50 

50 

50 

50 

Man System Total 

504 

1,008 

1,492 

L976 

WMS/Waste storage 

4 

8 

12 

16 

Personnel and Effects 

160 

320 

480 

640 

Transfer EVA Suits with PLSS 

340 

680 

1,000 

1,320 

Consumables Total 

32 

38 

45 

51 

Food and Packaging 

3 

5 

8 

10 

Other consumables 

4 

8 

12 

16 

Tools 

25 

25 

25 

25 

Weight Growth Total (i5%) “ H 

505 1 

519 

42ft 

736 

Total Module Mass 

i 

3,125 

3,980 

4,814 

5,644 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Lunar Excursion Crew Module 

14 day duration 


Crew Size 

2 

4 

6 

8 

Habitable volume (m3) 

44 

76 

114 

152 

ECLSS Total 

561 

971 

U97 

1,822 

ARS/ACS/ACMA 

147 

294 

441 

588 

2 Repress (100kg plumbing/pumps) 

210 

290 

385 

480 

Temperature and Humidity Control 

96 

192 

288 

384 

Thermal Control System 

20 

20 

20 

20 

Potable Water Storage System 

88 

175 

263 

350 

Structure Total 

2,14b 

£323 

3,155 

3,766 

Primary/Secondary Structure 

1,032 

1,480 

2,016 

2453 

Airlock 

510 

510 

510 

510 

Berthing ring/mech. (1) 

139 

139 

139 

139 

Berthing interface plate (1) 

90 

90 

90 

90 

Hatches (2) 

134 

134 

134 

134 

Windows 

100 

100 

100 

100 

Chairs 

10 

20 

30 

40 

Vents/Plumbing 

125 

150 

175 

200 

Command/Contro i/Power Total 

430 

574 

714 

855 

ECWS/DMS 

100 

100 

100 

100 

Power System 

280 

424 

564 

705 

(Fuel cells, cond. eq., solar arrays) 





Lights 

50 

50 

50 

50 

Man System Total 

556 

mn 

£555 

£185 

WMS/Waste storage 

56 

112 

168 

224 

Personnel and Effects 

160 

320 

480 

640 

Transfer EVA Suits with PLSS 

340 

680 

1,000 

1420 

consumables Total 

64 

103 

142 — 

181 

Food and Packaging 

35 

70 

105 

140 

Other consumables 

4 

8 

12 

16 

Tools 

25 

25 

25 

25 

weignt Growth t otal (15%) 

553 

807 

1,064 

P2I 

Total Module Mass 

4,314 

6,190 

8,159 

10,129 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Lunar Excursion Crew Module 

28 day duration 


sdc/06June90 


Crew Size 

2 

4 

6 

8 

Habitable volume (m3) 

60 

120 

180 

240 

ECLSS Total 

835 

L550 

2^65 

2^80 

ARS/ACS/ACMA 

294 

588 

882 

1,176 

2 Repress( 100kg plumbing/pumps) 

250 

400 

550 

700 

Temperature and Humidity Control 

96 

192 

288 

384 

Thermal Control System 

20 

20 

20 

20 

Potable Water Storage System 

175 

350 

525 

700 

Structure Total ““ 

(2373 " 

3^57 

3529 

£,6io 

Primary/Secondary Structure 

1,265 

2,124 

2,851 

3,797 

Airlock 

510 

510 

510 

510 

Berthing ring/meph, (1) 

139 

139 

139 

139 

Berthing interface plate (1) 

90 

90 

90 

90 

Hatches (2) 

134 

134 

134 

134 

Windows 

100 

100 

100 

100 

Chairs 

10 

20 

30 

40 

Vents/Plumbing 

125 

150 

175 

200 

Command/Control/Power Total 

1,703 

2,476 

3,232 

4,021 

ECWS/DMS 

100 

100 

100 

100 

Power System 

(Fuel cells, cond. eq., solar arrays) 

1,553 

2,326 

3,082 

3,871 

Lights 

50 

50 

50 

50 

Man System Total 

612 

” 1524 

“ 1,816 

2508 

WMS/Waste storage 

112 

224 

336 

448 

Personnel and Effects 

160 

320 

480 

640 

Transfer EVA Suits with PLSS 

340 

680 

1,000 

1,320 

Consumables Total 

” 99 

173 — 

237 — 

321 

Food and Packaging 

70 

140 

210 

280 

Other consumables 

4 

8 

12 

16 

Tools 

25 

25 

25 

25 

Weight Growth l otal (15%) 

— m — 


1,738 

2^11 

Total Module Mass 

6,465 

9,994 

13,327 

16,951 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Lunar Excursion Crew Module 

42 day duration 


sdc/06June90 


Crew Size 

2 

4 

6 

8 

Habitable volume (m3) 

80 

160 

240 

320 

ECLSS Total 

1,120 

2,119 

3419 

4,118 

ARS/ACS/ACMA 

441 

882 

1423 

1,764 

2 Repress (100kg plumbing/pumps) 

300 

500 

700 

900 

Temperature and Humidity Control 

96 

192 

288 

384 

Thermal Control System 

20 

20 

20 

20 

Potable Water Storage System 

263 

525 

788 

1,050 

Structure Total 

~6S1 — 

£823 

4^73 

5153 * 

Primary/Secondary Structure 

1,544 

2,681 

3,797 

4,933 

Airlock 

510 

510 

510 

510 

Berthing ring/mech. (1) 

139 

139 

139 

139 

Berthing interface plate (1) 

90 

90 

90 

90 

Hatches (2) 

134 

134 | 

134 

134 

Windows 

100 

100 

100 

100 

Chairs 

10 

20 

30 

40 

Vents/Plumbing 

125 

150 

175 

200 

Coinman d/Controi/Power Total 

1,703 

2^76 

3432 

4,021 

ECWS/DMS 

100 

100 

100 

100 

Power System 

1,553 

2426 

3,082 

3,871 

(Fuel cells, cond. eq., solar arrays) 





Lights 

50 

50 

50 

50 

Man System Total 

668 

L4J6 

5985 — 

2,632 

WMS/Waste storage 

168 

336 

504 

672 

Personnel and Effects 

160 

320 

480 

640 

Transfer EVA Suits with PLSS 

340 

680 

1,000 

1420 

Consumables t otal 

134 

' 243 

352 

461 

Food and Packaging 

105 

210 

315 

420 

Other consumables 

4 

8 

12 

16 

Tools 

25 

25 

25 

25 

Weight Growtn Total (15%) 

“952 

— 5500 — 

2 , 04 ? 

2,607 

Total Module Mass 

7,219 

11,498 

15,711 

19,985 


Note: All weights are in kilograms 

Lunar sample material mass not included 
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Common Short-Duration Crew Module 
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Common Short-Duration Crew Module 



/STCA EM/sdc/05 June90 





Excursion Vehicle Crew Cab Duration Trade 
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EV Crew Cab Duration Trade 
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EV Cab Duration Trade Data 
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A separate habitation module is the preferred solution for 
both lunar and Mars surface stays exceeding a few days 
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ACRV MODIFICATIONS 
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Lunar Transportation Family 
Aerobrake 
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Lunar Transportation Family 

Aerobrake 
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LTV Trajectory and Stagnation Point Heating 
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LTV Trajectory and Stagnation Point Heating 







LTV Centerline Heating 
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LTV Centerline Heating 
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LTV Equilibrium Wall Temperatures 


g 


O 




-S & 


9 


D615- 10026-6 


218 



LTV Equilibrium Wall Temperatures 
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LTV Temperature Distribution 
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LTV Temperature Distribution 
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Lunar Family 


Programmatics 

The objectives of the Programmatics task during the current phase of the study were: (1) 
realistic initial schedules that include initial critical path program elements; (2) initial 
descriptions of new or unique facilities requirements; (3) development of a stable, clear, 
responsive work breakdown structure (WBS) and WBS dictionary; (4) initial realistic 
estimates of vehicle, mission and program costs, cost uncertainties, and funding profile 
requirements; (5) initial risk analysis, and (6) early and continuing infusion of 
programmatics data into other study tasks to drive requirements/design/trade decisions. 

The issues addressed during the study to date included: (1) capturing all potential long-lead 
program items such as precursor missions, technology advancement and advanced 
development, related infrastructure development, support systems and new or modified 
facility construction, since these are as important as cost and funding in assessing goal 
achievability; (2) incorporating sufficient operating margin in schedules to obtain high 
probability of making the relatively brief Mars launch windows; (3) the work breakdown 
structure must support key study goals such as commonality and (4) cost estimating 
accuracy and uncertainty are recurring issues in concept definition studies. 

Introduction 

The study flow, as required by MSFC's statement of work, began with a set of strawman 
concepts, introduced others as appropriate, conducted "neckdowns", and concluded with a 
resulting set of concepts and associated recommendations. 

As the study progressed, much discussion among the SEI community centered on 
"architectures". In this study, architectures were more or less synonymous with concepts, 
since the statement of work required that each concept be fully developed including 
operations, support, technology, and so forth. 

We started with ten concepts as shown in the "Overall Study Row" chart. After the 
"neckdown" was completed, significant effort was put into programmatics. 
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As was indicated earlier, we established three levels of activity to evaluate in-space 
transportation options. The minimum was just enough to meet the President's objectives; 
in fact "return to the Moon to stay" was interpreted as permanent facilities but not 
permanent h uman presence. The minimum program had only three missions to Mars. The 
median (full science) program aimed at satisfying most of the published science objectives 
for Lunar and Mars exploration. The maximum program aimed for industrialization of the 
Moon, for return of practical benefits to Earth, and for the beginnings of colonization of 
Mars. The range of activity levels, as measured by people and materiel delivered to 
planetary surfaces, was about a factor of 10. The range of Earth-to-orbit launch rates was 
less, since we adopted results of preliminary trade studies, selecting more advanced in 
space transportation technologies as baselines for greater activity levels. The high level 
schedules developed for these three levels of activity are shown in the "Minimum 
Program", "Full Science Program" and " Industrialization and Settlement Program" charts 
and a comparison of them for both Lunar and Mars is shown in the "Lunar Program 
Comparison" and "Mars Program Comparison" charts. 

Schedule/Network Development Methodology 

A PC system called Open Plan by WST Corporation was used, which allows direct control 
and lower cost over a larger ( mainfr ame) system. The network was purposely kept simple. 
S ummar y activities were used in development of the networks. When detailed to a lower 
level, some activities will require a different calendar than we used. One calendar with a 
five day work week - no holiday was used. Utilizing multicalendars on a summary 
network could confuse the development. The Preliminary WBS Structure Level 7 was 
followed for selection of work to be detailed. An example of Level 7 is; MEV Ascent 
Vehicle Structure/Mechanisms. We then developed a generic logic string of activities with 
standard durations for like activities. This logic was then applied against each WBS Level 
7 element. To establish interface ties between logic strings and determination of major 
events, we used the Upper Level Summary Schedule and Summary Level Technology 
Schedule. 
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Goals/Purpose 


There were two goals for the schedule/network development. These were: 

a. Guidelines for Future Development The schedules are a preliminary road map to 
follow in the development program. 

b. Layout Basis Framework for Network. The networks can be used for future detail 
network development. This development can be in phases retaining unattended logic for 
areas which can be be detailed. 

Status 

Six pre limin ary networks have been developed. They are: 

- Lunar minimum 

- Lunar full science 

- Lunar industrialization 

- Mars missions 

- Mars full science 

- Mars settlement 

These networks will be further developed as information becomes available The technology 
development plan schedules are shown in the Schedules section of this text; an example of 
the standard 6 year program phase C/D schedule is shown in the "Reference 6 yr. Full 
Scale Development Schedule" chart . The network schedules developed during the study 
are available in the Final Report Cost Data Book. 

Facilities 

The facility requirements and approaches are discussed in the Facilities section of this text 
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Work Breakdown Structure 

The approach to developing a WBS tree and dictionary was to use the Space Station 
Freedom Work Package One WBS as a point of departure to capture commonality, 
modularity and evolution potentials. We worked with MSFC to evolve the WBS illustrated 
in the six WBS charts given in this section. The WBS dictionary details are provided with 
the WBS tree in a separate deliverable document 

Cost Data 

Overall Approach 

Space transfer concept cost estimates were developed through parametric and detail 
estimating techniques using program/scenario plans and hardware and software 
descriptions combined with NASA and subcontractor data. Our estimating approach 
simulates the aerospace development and production environment It also reflects program 
options not typical of aerospace programs. This flexibility allows assessment of innovative 
program planning concepts. 

Several tools were employed in this analysis. For developing estimates the Boeing 
Parametric Cost Model (PCM) designed specifically for advanced system estimating was 
used. It utilizes a company-wide, uniform computerized data base containing historical 
data compiled since 1969. The second major tool is a Boeing developed Life Cycle Cost 
Model. The third tool is the Boeing developed Return on Investment (ROI) Analyses. 


The approach to cost estimating was to use the PCM to establish DDT&E and 
man ufacturing cost of major hardware components or to use other estimates, (e.g. Nuclear 
Working Group estimator) if they were considered superior and then feed them to the LCC 
model. Variations on equipment hardware or mission alternatives can be run through the 
LCC and then compared for a return on investment This flow is illustrated in the "Costing 
Methodology Flow" charts. We were able to investigate alternative concepts quickly, 
giving system designers more data for evolving scenario/mission responsive concepts. 
Transportation concepts, trade studies, and "neckdown" efforts were supported by this 
approach. 
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Parametric Cost Model 


PCM develops cost from the subsystem level and builds upward to obtain total program 
cost Costs are estimated from physical hardware descriptions (e.g., weights and 
complexities) and program parameters (e.g., quantities, learning curves, and integration 
levels). Known costs are input directly into the estimate when available; the model 
assesses the necessary system engineering and system test efforts needed for integration 
into the program. The PCM working unit is man-hours, which allows relationships that tie 
physical hardware descriptions first to design engineering or basic factory labor, and then 
through the organizational structure to pick up functional areas such as systems 
engineering, test, and development shop. Using man-hours instead of dollars for 
estimating relationships enables more reliable estimates. The PCM features, main inputs, 
and results are shown in the "Boeing Parametric Cost Model (PCM)" chart. The 
applicable PCM results, in constant 1990 dollars, are then put into the Life Cycle Cost 
Model to obtain cost spreads for the various missions/programs. The various hardware 
components costed for the three different missions/programs are shown in the "LCCM 
Hardware Assignments" chart. 

The development of space hardware and components needed to accomplish the three 
different Lunar/Mars missions were identified. These components are grouped into three 
different categories defined below. 

HLLV (Heavy Lift Launch Vehicle) is the booster required to lift personnel, cargo and 
fuels into LEO and support the LEO node operations. 

Propulsion Includes the space propulsion system required to transfer people, cargo and 
equipment out of LEO and into space. Space means Lunar, Mars and Earth destinations. 
Propulsion Systems also include an all-propulsive cryogenic Trans Mars Injection System 
(TMIS) for the Minimum Mission, the Nuclear Electric Propulsion Stage for the 
Settlement/Industrial Missions. 

Modules Include the space systems that are required to transfer people, cargo and 
equipment from LEO to Lunar and Mars orbit; to de-orbit and sustain life and operations on 
the Lunar and Mars Surface; and, finally, to return personnel and equipment to LEO. 
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Cost Buildups 


The PCM cost Model can be used directly to obtain complete DDT&E cost, including 
production of major test articles, by entering into the manufacturing section the equivalent 
numbers of units for each item, including the first flight article. However, when operated in 
this way, PCM does not give the first unit cost. To save time, we operated PCM so as to 
give first unit cost, which we needed for life cycle cost analyses, and used the first unit cost 
to man ually estimate the test hardware content of the DDT&E program. The "wrap factors" 
shown in the cost buildup sheets were derived from the PCM runs as the factor that is 
applied to design engineering cost to obtain complete design and development costs, e.g. 
including non-recurring items such as systems engineering and tooling development. 


Life Cycle Cost Model 

The LCCM cost data is a composite of HLLV costs, launch base facilities cost estimate 
based on $/sq. ft and parametric estimates derived from the Parametric Cost Model. The 
principal source of information is from the PCM. All hardware cost estimates, with the 
exception of HLL V, have been developed with this model. 

The LCCM consists of three individual models. One model is for the Minimum Program 
Scale; the second is for the Full Science Program Scale; while the third model is for the 
Settlement/Industrialization Program Scale. The Minimum Program meets the President's 
Space Exploration Initiative (SEI) objectives. These capabilities include permanent Lunar 
facilities but not permanent human presence and three missions to Mars. The Full Science 
program not only meets the President's SEI objectives but also provides for long term 
bases for far-ranging surface exploration. The Setdement/Industrialization program 
accomplishes the objectives of the Minimum and Full Science program scales and 
additionally returns practical benefits to Earth. These models were developed using the 
three architecture levels described in the Boeing manifest worksheets. Total cost for each 
system are tabulated by year and each year's totals feed into a summary sheet that calculates 
the total program cost for each level. Since the LCCM results are mission related, not just 
vehicle related, they are not provided here but are available in the Final Report Cost Data 
Book. The LCCM was developed using Microsoft Excel version 2.2 for the Macintosh 
computer. Any Macintosh equipped with Excel 2.2 can be used to execute the model. 
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Return On Investment 


One of the principal uses of the LCCM is to develop trades and return on investment for 
technology options. As shown in the "Costing Methodology Flow" chart , two separate 
life cycle cost models (which include DDT&E and productioh cost data derived from the 
parametric cost models ) must be developed for each ROI case; a reference, and a case 
utilizing a technology option. The two life cycle cost streams are separately entered, and 
the ROI model is executed. The flow also illustrates that not all of the data entered into the 
life cycle cost model is derived from available costing software. Technical analysis must 
accompany this data. For example, the number of units which must be produced for the 
DDT&E program must be determined. This is done at the subsystem level based on 
knowledge of past programs, and proposed system/subsystem tests. Since the ROI 
analysis is mission related, not just vehicle related, the data is not presented here but is 
available in the Final Report Cost Data Book. 

Results 

A summary of the cost data produced by the PCM for the lunar family of vehicles are 
given in the PCM s ummar ies included in this section. The PCM program was used to 
produce DDT&E and production cost es tima tes for each of our reference Mars and lunar 
vehicles to the subsystem level. The DDT&E costs generated by the PCM do not include 
all of the necessary hardware for the first mission vehicle. Hence all necessary additional 
units (prototypes, test units, lab units, etc.) were added into the vehicle cost buildups as 
shown in the "Lunar Cost Buildup" chans. The total DDT&E includes additional costs 
(e.g.. additional units in the DDT&E program), contractor fees and the engineering wrap 
factor. The total DDT&E from the cost buildup and the unit cost from the PCM are the 
p rimar y vehicle cost inputs to the LCC model 


I 
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Risk Analyses 


Risk analyses were conducted to develop an initial risk assessment for the various 
architectures. This presentation of risk analysis results considers development risk, man- 
rating requirements, and several aspects of mission and operations risk. 

Development Risk 

All of the architectures and technologies investigated in this study incur some degree of 
development risk; none are comprised entirely of fully developed technology. 
Development risks are correlated directly with technological uncertainties. We identified 
the following principal risks: 

Cryogenics - High-performance insulation systems involve a great many layers of multi- 
layer insulation (MLI), and one or more vapor-cooled shields. Analyses and experiments 
have indicated the efficacy of these, but demonstration that such insulation systems can be 
fabricated at light weight, capable of surviving launch g and acoustics loads, remains to be 
accomplished. In addition, there are issues associated with propellant transfer and zero-g 
gauging. These, however, can be avoided for early lunar systems by proper choice of 
configuration and operations, e.g. the tandem-direct system recommended elsewhere in this 
report. This presents the opportunity to evolve these technologies with operations of initial 
flight systems. 

Engines - There is little risk of being able to provide some sort of cryogenic engine for 
lunar and Mars missions. The RL- 10 could be modified to serve with little risk; deep 
throttling of this engine has already been demonstrated on the test stand. The risk of 
developing more advanced engines is also minimal. An advanced development program in 
this area serves mainly to reduce development cost by pioneering the critical features prior 
to full-scale development 

Aerocapture and aerobraking - There are six potential functions, given here in approximate 
ascending order of development risk: aero descent and landing of crew capsules returning 
from the Moon, aerocapture to low Earth orbit of returning reusable lunar vehicles, landing 
of Mars excursion vehicles from Mars orbit, aero descent and landing of crew capsules 
returning from Mars, aerocapture to low Earth orbit of returning Mars vehicles, and 
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aerocapture to Mars orbit of Mars excursion and Mars transfer vehicles. The "Development 
Risk Assessment for Aerobraking by Function" chart provides a qualitative development 
risk comparison for these six functions. 

Aerocapture of vehicles requires large aerobrakes. For these to be efficient, low mass per 
unit area is required, demanding efficient structures made from very high performance 
materials as well as efficient, low mass thermal protection materials. By comparison, the 
crew capsules benefit much less from high performance structures and TPS. 

Launch packaging and on-orbit assembly of large aerobrakes presents a significant 
development risk that has not yet been solved even in a conceptual design sense. Existing 
concepts package poorly or are difficult to assemble or both. While the design challenge 
can probably be met, aerobrake assembly is a difficult design and development challenge, 

representing an important area of risk. 

> 

Nuclear the rmal rockets - The basic technology of nuclear thermal rockets was developed 
and demonstrated during the 1960s and early 1970s. The development risk to reproduce 
this technology is minimal, except in testing as described below. Current studies are 
recommending advances in engine performance, both in specific impulse (higher reactor 
temperature) and in thrust-to-weight ratio (higher reactor power density). The risks in 
achieving these are modest inasmuch as performance targets can be adjusted to technology 
performance. 

Reactor and engine tests during the 1960s jetted hot, slighdy radioactive hydrogen directly 
into the atmosphere. Stricter environmental controls since that time prohibit discharge of 
nuclear engine effluent into the atmosphere. Design and development of full containment 
test facilities presents a greater development risk than obtaining the needed performance 
from nuclear reactors and engines. Full- containment facilities will be required to contain all 
the hydrogen effluent, presumably oxidize it to water, and remove the radioactivity. 

Electric Propulsion Power Management and Thrusters - Power management and thrusters 
are co mm on to any electric propulsion power source (nuclear, solar, or beamed power). 
Unique power management development needs for electric propulsion are (1) minimum 
mass and long life, (2) high power compared to space experience, i.e. megawatts instead of 
kilowatts, (3) fast arc suppression for protection of thrusters. Minimizing mass of power 
distribution leads to high distribution voltage and potential problems with plasma losses. 
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arcing, and EMI. Thus while power management is a mature technology, the unique 
requir emen ts of electric propulsion introduce a number of development risks beyond those 
usually experienced in space power systems. 

Electric thruster technology has been under development since the beginning of the space 
program. Small thrusters are now operational, such as the resistance-heat-augmented 
hydrazine thrusters on certain co mmuni cations spacecraft. Small arc and ion thrusters arc 
nearing operational use for satellite stationkeeping. 

Space transfer demands on electric propulsion performance place a premium on high power 
in the jet per unit mass of electric propulsion system. This in turn places a premium on 
thruster efficiency; power in the jet, not electrical power, propels spaceships. Space 
transfer electric propulsion also requires specific impulse in the range 5000 to 10,000 
seconds. Only ion thrusters and magnetoplasmadynamic (MPD) arc thrusters can deliver 
this performance. Ion thrusters have acceptable efficiency but relatively low power per unit 
of ion beam emitting area. MPD thruster technology can deliver the needed Isp with high 
power per thruster, but has not yet reached efficiencies of interest. Circular ion thrusters 
have been built up to 50 cm diameter, with spherical segment ion beam grids. These can 
absorb on the order of 50 kWe each. A 10 MWe system would need 200 operating 
thrusters. The development alternatives all have significant risk: (1) Advance the state of 
the art of MPD thrusters to achieve high efficiency; (2) Develop propulsion systems with 
large n um bers of thrusters and control systems; or (3) Advance the state of the art of ion 
thrusters to much larger size per thruster. 

c 

Nuclear power for electric propulsion - Space power reactor technology now under 
development (SP-100) may be adequate; needed advances are modest. Advanced power 
conversion systems are required to obtain power- to-mass ratios of interest The SP-100 
baseline is thermoelectric, which has no hope of meeting propulsion system performance 
needs. The most likely candidates are the closed Brayton (gas) cycle and the potassium 
Rankin g (liquid/vapor) cycle. (Potassium provides the best match of liquid/vapor fluid 
properties to desired cycle temperatures.) Stirling cycle, thermionics, and a high- 
temperature thermally-driven fuel cell are possibilities. The basic technology for Brayton 
and Rankine cycles are mature; both are in widespread industrial use. Prototype space 
power Brayton and Rankine turbines have run successfully for thousands of hours in 
laboratories. The development risk here is that these are very complex systems; there is no 
experience base for coupling a space power reactor to a dynamic power conversion cycle; 
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there is no space power experience base at the power levels needed; and these systems, at 
power levels of interest for SEI space transfer application, are large enough to require in- 
space assembly and checkout Space welding will be required for fluid systems assembly. 

Solar power for space transfer propulsion - Solar power systems for space propulsion must 
at tain much higher power-to-mass ratios than heretofore achieved. This implies a 
combination of advanced solar cells, probably multi-band-gap, and lightweight structural 
support systems. Required array areas are very large. Low-cost arrays, e.g. $ 100/watt, 
are necessary for affordable system costs, and automated construction of the large area 
structures, arrays, and power distribution systems appears also necessary. Where the 
nuclear electric systems are high development risk because of complexity and the lack of 
experience base at relevant power levels and with the space power conversion technologies, 
most of the solar power risk appears as technology advancement risk. If the technology 
advancements can be demonstrated, development risk appears moderate. 

Avionics and software - Avionics and software requirements for space transfer systems are 
generally within the state of the art. New capability needs are mainly in the area of vehicle 
and subsystem health monitoring. This is in part an integration problem, but new 
techniques such as expert and neural systems are likely to play an important role. 

An important factor in avionics and software development is that several vehicle elements 
having similar requirements will be developed, some concurrently. A major reduction in 
cost and integration risk for avionics can be achieved by advanced development of a 
"standard" avionics and software suite, from which all vehicle elements would depart. 

Further significant cost savings are expected from advancements in software development 
methods and environments. 

Environmental Control and Life Support (ECLS) - The main development risk in ECLS is 
for the Mars transfer habitat system. Other SEI space transfer systems have short enough 
operating durations that shuttle and Space Station Freedom ECLS system derivatives will 
be adequate. The Mars transfer requirement is for a highly closed physio-chemical system 
capable of 3 years' safe and dependable operation without resupply from Earth. The 
development risk arises from the necessity to demonstrate long life operation with high 
confidence; this may be expensive in cost and development schedule. 


D615-10026-6 



Man-Rating Approach 


Man-rating includes three elements: (1) Design of systems to manned flight failure tolerance 
standards, (2) Qualification of subsystems according to normal man-rating requirements, 
and (3) Flight demonstration of critical performance capabilities and functions prior to 
placing crews at risk. Several briefing charts follow: the first summarizes a recommended 
approach and lists the subsystems and elements for which man-rating is needed; 
subsequent charts present recommended man-rating plans. 

Mission and Operations Risk 

These risk categories include Earth launch, space assembly and orbital launch, launch 
windows, mission risk, and mitigation of ionizing radiation and zero-g risks. 

Earth launch - The Earth launch risk to in-space transportation is the risk of losing a 
payload because of a launch failure. Assembly sequences are arranged to minimi ze the 
impact of a loss, and schedules include allowances for one make-up launch each mission 
opportunity. 

Assembly and Orbital Launch Operations - Four sub-areas are covered: assembly, test and 
on-orbit checkout, debris, and inadvertent re-entry. 

Assembly operations risk is reduced by verifying interfaces on the ground prior to launch 
of elements. Assembly operations equipment such as robot arms and manipulators will 
undergo space testing at the node to qualify critical capabilities and performance prior to 
initiating assembly operations on an actual vehicle. 

Assembly risk varies widely with space transfer technology. Nuclear thermal rocket 
vehicles appear to pose minimum assembly risk; cryo/aerobraking are intermediate, and 
nuclear and solar electric systems pose the highest risk. 

Test and on-orbit checkout must deal with consequences of test failures and equipment 
failures. This risk is difficult to quantify with the present state of knowledge. Indications 
are: (1) large space transfer systems will experience several failures or anomalies per day. 
Dealing with failures and anomalies must be a routine, not exceptional, part of the 
operations or the operations will not be able to launch space transfer systems from orbit; (2) 
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vehicles must have highly capable self-test systems and must be designed for repair, 
remove and replace by robotics where possible and for ease of repair by people where 
robotics cannot do the job; (3) test and on-orbit checkout will run concurrently with 
propellant loading and launch countdowns. These cannot take place on Space Station 
Freedom. Since the most difficult part of the assembly, test and checkout job must take 
place off Space Station Freedom the rest of the job probably should also. 

Orbital debris presents risk to on-orbit operations. Probabilities of collision are large for 
SEI-class space transfer systems in low Earth orbit for typical durations of a year or more. 
Shielding is mandatory. The shielding should be designed to be removed before orbital 
launch and used again on the next assembly project. 

Creation of debris must also be dealt with. This means that (1) debris shielding should be 
designed to mi nimize creation of additional debris, especially particles of dangerous size, 
and (2) operations need to be rigorously controlled to prevent an inadvertent loss of tools 
and equipment that will become a debris hazard. 

Inadvertent re-entry is a low but possible risk. Some of the systems, especially electric 
propulsion systems, can have very low ballistic coefficient and therefore rapid orbital decay 
rate. Any of the SEI space transfer systems will have moderately low ballistic coefficient 
when not loaded with propellant. While design details are not far enough along to make a 
quantitative assessment, parts of these vehicles would probably survive reentry to become 
ground impact hazards in case of inadvertent reentry. For nuclear systems, it will be 
necessary to provide special support systems and infrastructure to drive the probability of 
inadvertent reentry to extremely low levels. 

Launch Windows - Launch windows for single-bum high-thrust departures from low Earth 
orbit are no more than a few days because regression of the parking orbit line of nodes 
causes relatively rapid misalignment of the orbit plane and departure vector. For lunar 
missions, windows recur at about 9-day intervals. 

For Mars, the recurrence is less frequent, and the interplanetary window only lasts 30 to 60 
days. It is important to enable Mars launch from orbit during the entire interplanetary 
window. Three-impulse Mars departures make this possible; a plane change at apogee of 
the intermediate parking orbit provides alignment with the departure vector. Further 
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analysis of the three-bum scheme is needed to assess penalties and identify circumstances 
where it does not work. 

Launch window problems are generally minimal for low-thrust (electric propulsion) 
systems. 

Mission Risk - Comparative mission risk was analyzed by building risk trees and 
performing semi-quantitative analysis. The next chart presents a comparison of several 
mission modes; after that are the risk trees for these modes. 

Ionizing Radiations and Zero G - The threat from ionizing radiations is presented elsewhere 
in this document. Presented here are the mitigating strategies for ionizing radiations and 
zero g. 

Nuclear systems operations present little risk to flight crews. Studies by University of 
Texas at Austin showed that radiation dose to a space station crew from departing nuclear 
vehicles is very small provided that sensible launch and flight strategies are used. On- 
board crews are protected by suitable shielding and by arrangement of the vehicle, i.e. 
hardware and propellant between reactors and the crew and adequate separation distances. 
After nuclear engines are shut off, radiation levels drop rapidly so that maneuvers such as 
departure or return of a Mars excursion vehicle are not a problem. On-orbit operations 
around a returned nuclear vehicle are deferred until a month or two after shutdown, by 
which time radioactivity of the engine is greatly reduced. 

Reactor disposal has not been completely studied. Options include solar system escape and 
parking in stable heliocentric orbits between Earth and Venus. 

Crew radiation dose abatement employs "storm shelters" for solar flares, and either added 
shielding of the entire vehicle or fast transfers (or both) to reduce galactic cosmic ray 
exposure. Assessments are in progress; tradeoffs of shielding versus fast trips have yet to 
be completed. Expected impact for lunar missions is negligible and for Mars missions, 
modest. 
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Overall Study Flow 
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SPACE TRANSFER CONCEPTS AND ANALYSIS FOR EXPLORATION MISSIONS 
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LTV Preliminary PCM Summary 
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LTV Crew Module Preliminary PCM Summary 



LTV Crew Module Preliminary PCM Summary 
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LEV Crew Module Preliminary PCM Summary 

- continued 
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Lunar Cost buildup 
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Lunar Cost buildup 
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Development Risk Assessment For Aerobraking By Function 
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V. Commonality/Evolution 


A. Commonality - Having identified commonality as having high cost-effectiveness leverage, 

STCAEM developed an evolutionary strategy for facilitating it and benefitting from it. The greatest 
commonality challenge is between early systems designed for lunar missions and later systems 
designed for Mars missions. Because of similar flight regimes, crew systems requirements and 
durations, excursion vehicle crew cabins for lunar and Mars uses proved most amenable to strict 
commonality; for conceptual purposes the LEV and MEV crew cabs can be considered just slightly 

different "models" of the same dement. 

An effort was made to extend the commonality approach to entire excursion vehicle designs 
for the Moon and Mars. This extreme degree of commonality was found to appear conceptually 
feasible only for a particular size class of vehicle (a 25 t propellant-capacity vehicle typical of 
LEV designs is comparable to a so-called "mini-MEV", which would take 3 crew and 1 1 
payload to the surface of Mars). Except for this special case, the differing gravity levels of the 
Moon and Mars, and configuration complications arising from aerobraking upon descent at Mars, 
tend to drive LEV and MEV designs apart. The LEV and MEV are likely to come on line years 
apart in any case, and we found a more productive way to introduce commonality. 

We found it useful to consider commonality at three program levels: (1) mission design, 
using the same mission design to accomplish different programmatic architectures (a problematic 
category because mission designs are by definition tied to unique requirements); (2 ) functional 
element, using end-items from the same production line to fill different roles within a given 
mission design (the most appropriate example we developed is the evolutionary LTF described 
earlier); and (3) performing subsystem, using system assemblies or components from the same 
production line in different functional elements (a sensible way to standardize industry, get 
predictable performance and facilitate product longevity). This latter approach, applied to engines, 
sensors, processors, some structural components and modular life support hardware, shows great 
promise for cost-effectiveness and preserving program resiliency. At the component level, 
extensive commonality can be worked into the fabric of SEI. 

Another application of this subsystem/component commonality-for-evolution approach is 
the potential use of hardware systems developed mostly for lunar transportation, augmented by 
long-duration crew systems, for early Mars missions staged out of high-orbit node locations like 
Earth-Moon L2. TMI AV for this mission mode is such that the need for a large TMIS is obviated 
altogether, as is the need for a large cryogenic space engine. The use of chemically-propelled 
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Key Architecture Drivers 
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Commonality means using the same hardware item in more than one 

setting 
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refinement of the concept of functional element commonality is options assembled from a standardized kit 
of systems and subsystems. End items are then familial rather than identical, and their performance can be 
more flexible. 
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Full-size Lunar/Mars 
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Space Transfer Design for Commonality 
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Design Case 
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vacuum jacket upgrade 

- llOt tankset 

- 30klbf engine 1 

- structure & plumbing I 

- common approach 

- common approach 

- 0.5 L/D shape 

- 26m length 

- opt. engine section 

- lunar system pallet 

- Mars unique attach. 

2010 

MTV 

- 3 crew, 1020 d 

- rad shelter 

- closed ECLSS 

- Deep space 

- Aerobraking 

- Orbital 

- Rend & Dock 

140t load, cryo 

3 30klbf 
1 engine-out 

- stmt frame 

- 7.6m pieces 
integr. on orbit 

t 

i 

i 

i 

t 

i 

i 

i 

i 

l 

l 

i 

l 

L/D = 0.5 

- comsats 

- transit science 

Mini 

MEV 

3 crew, 10 d 

- contam. Ctrl. 

- open ECLSS 

- Aerobraking 

- Terrain 

- Orbital 

- Rend & Dock 

- 21 1 load, cryo 

- vacuum jackets 

3 30klbf 
2 engine-out asc. 

- stmt frame 

- 7.6m compat. 
launched intact 

16m footprint 

-L/D = 0.5 

- 26m length 

- engine port 

- 1 1 total 

- rover & science 

LEV 

- 6 crew, 3 d 

- contam. Ctrl. 

- open ECLSS 

- Terrain 

- Orbital 

- Rend & Dock 

25t load, cryo 

3 30klbf 
1 engine-out 

- stmt frame 

- 7.6m compat. 
launched intact 

22m footprint 

i 

i 

i 

l 

i 

i 

I 

i 

i 

i 

i 

I 

I 

- mission unique 

- transferable 

LTV 

- 6 crew, 9 d 

- rad shelter 

- partial closure 

- Deep space 

- Orbital 
-R&D 

1 lOt load, cryo 

3 30klbf 
k engine-out 

- stmt frame 

- 7.6m pieces 
integr. on orbit 

t 

i 

i 

» 

i 

i 

i 

i 

< 

t 

\ 

i 

i 

i 

- L/D = 0.2 

- 23m length 

- engine port 

- mission unique 

- transferable 


Crew cab 

Avionics 

Propellant 

tanks 

Engines 

Stmcture 

Landing 

legs 

Aerobrake 

Payload 

accommod. 


D615- 10026-6 


279 


'STCAEM/sdc/07Scp90 




D615- 10026-6 


280 



Commonality Assessment 




bs 8912 




Common Lunar/Mars Lander Mass Statement 
Cargo and Manned Versions 
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configuration options identified. 



S2««gi2-£'"*5£gS°-= 

63 — • — C3 *3 <U +* H •*• ^2 

‘-C -a fiSf^E5fe {fl Uw)n 
o E m c .£ ^ -a ® £ -o g**r ° 


w B.ertjs *- 3 s r* y i - « 

ouo-«e£fl««^ii2 

?■£ 1 1 ill " s^‘-“i 

s2«*£«if !frii$ 

2«wS— e-ra^ma. 


|2o-3c»_c 
* = bEopSS 


1 ° If s ao-jigil s 

2 “'g il's o «- g «-S 

Jj Si h .s M “ n e « = t> > 
-c o > £ 2 •" §»i s c ” '5b 
— *o 5 p *S — jo =s u .5 _* 

" s 8* *1 8 

s i ® s^si 1-8 igi^s 

fc -C o o | p c g olf ao .5 "o 
a. aa “SC- c •- II c ao > 
o o © u - M c Q.a e ,_. 
_ V c — ?» C ”5 «8 « «« 2 c w 

8 8^ii||^Jsi1 

Sfl> 1??^° 


5 *«>Ss^8p3 . - ^ 
w 8 «>> ^ § 8. js •= w .5 E © b 
| £ I H g a-o .2 , m = £ 

5-t:>I 6 u . s “c = c 

"Coe 2 JS Q, C 0 O O eo w 

S S c S £■ o o ao*g 

J , ao , = g(aW 13 So«P*S 

«§ S ||5^«S 5& ^ 

| S S =o-g“ is Is s « 

f o £ " .= S 1 1 1 •s i i s 

§ ° S > jg .8 £ E >*— 2 1? £ 

°S2ic|s-§^'8 s i 

si |||S"« a= 

IS! 8#J£*f5|lI 

t>? s fe^ c w-S -Ccc 
*ofe«2.5 « « ,o -a S* 5 « S 
ocl-3cp^S.2 , t!« „ E 

** ul i5'»a'5S2®ui)P 


oOb— aeo’s.s'ai) 
S .5 -a K -S^=o-og^p 

(Ssi?isis l ;s 


.3 £ 33 -C o ^ B*CuS 

>%f5 c# 3 UO£ B cEo6I) 

t -8 .2 * 2 T> o fc *" «P.s 

c ->o’3D^Mfi*co*s c ' 5 S 
as ^ *5 *3 3 3 *3 _S> o _2 


o « 5 w oo 2 "Ojajs^Ooo 
« >. 2 r c *° .is u o 8 « £ c 

2*^3 js = s «* jj K -o h a ; ^ 

© 3aoc’g ) , S gj2 • -n ** — § 

N SS'gjU 8 s g^.i 

P a. a.,8 3 * § -5 aotSMS 


o < 

X) -3 


33 £ 

63 V) 
* 3 

O -C 

OO 

3 a; 

u .33 
U- a 


C 00 

o « 

w S3 

ii 

if 

CA W 
60 

- G 

oo «, 

^ a 

_r -c 

o « 

J= .22 

CO 

O JS 

U Q 

D 

co -3 

- £ 

*1 c£ • 

r- SL 
^ C ®o 
• • a. q 
“• is 
« o *» 

"S§ 

8^3 

!* o a 

M ft 

-•si 

$ o § 

*8 S 1 

0 2 8 

■S.P ^ 

W w ^ 

|.S 8* 

2 3 'C 

ci 5 r 

s 8 | 

1 § S 

J * ao 
a J2 %» 

u -a *s 





ea — jj 

1> 

00 

£2 

60 



.= = 1 
■a = o 
E w *o 



x» S> J= 

c 



o c o 

o 

E 


>> 

a vi 

5 

q 

*3 

*u 

n 

cu 

4J 

co w — ; 
*3 1) 5 

60 C 

3J 

CO 

CO 

o 

3 

— « c: 
x; ^ 
oo ^ -a 


^ s «- K 

00 ”* *0 -rj l> 

3 >,CC-= 

oo«c“ 
b — u c >> 

* S 8 g = 

2^3 o E o 

5 > ^ t> -a 

2 8s-* 

g o- “ i_ j: 
°* T. S tt. -° 


„ -o » c .a u 

^ i) « C £ x 

^.Jpau- 

u c3 C 41 > u 

<2 ^ *& g t> «S 


- « c O.b — 

13 ^ " S S « 


uzl s u i 

4) ■§>* W B «g 

•S 3 ^ Q £ 

^ o w r* co 

» h 5 r .oo 

i «S > 3 JJ JB 


E -a u Z ^ m 
« C o C -= c 

8 | ‘a | > 1 

sf will 


= S -= -5 8 O 

w * > ^ S 60 
P CO ^ — C S 

8 41 -a 2 g 

« 00 O c O J! 

5 S a j) ’ £ 

« *£ E.s si 

£5 2 0 « . 

.2 *3 2 a js a 

60 ° C O 00 63 

|S°o = “ 

2 ■» s. g> " g 

« N O 3 g 

6 © J3 ° W5 *2 

J = *B J. « 
o o g « s 

J^S-g I go 

f g ^ ^ -g u 

,o S « S c o 

■&« f5 5 -5 


D615-10026-6 


283 




D615- 10026-6 


284 


N 0*5 

"ft ^ 

Cl ^ 

fc» <J •• *4 

a. fe « 

5 b s *s 

^ 2 a ^ 

b § -a H 

aS-jn 

« tf § ^ 

S § % 5o 

o^.-§ 

^ a * • . 

% §1 1 

s^l'S 

■stU 

O Q> C 

O — *3 ^ 
^11°. 


2 * 

<3 •. 

5 ^ 

*^03 


^ ai s fc 

%5l 

g.-S' 5 ' 
^ 2 
a. 2 *a 

jj 

5 *2 

^3 *§ O 

2 * 2 ? 
« ^3 e 
5 -2i 
^ <a 


&1?£ 

§ |« § 

J| g»E 


fe o "s' 
s g® o 5 

SS <3 O K 

J03 


U O * 5 ' 

g 2?§| 

•I O Li s 


r» vo « 2 S ^ ^ 

^ on > S 2; r- — 

00 f*l “ O fS ^ 

^ h sn ^ 

* <N CN 

* 

* 


O VD 
ON 
m 
r* 
* 


eo © ffl vO 22 

= 3^2“ 

m o 

m 

* 

* 


-= U *o 

O 3 *0 
°t:N 

•5 la 

W> £ C 

® S? 1 
^5 o -2 
— O 
^3 <3 U 

§£.5 

§1-1 

*•* M 


B S' « 
3 P Q U 

J <J 2 


■q 2f «) 
2 S 11 b 

« g ^-8 

S| 

5 . rn 


^ 60 «S 

£ S •* ^ 

5 § 2 ?*^ 
•* 5! .S 'O 

< ^fT) 


95 O « 

e3 |? ° -S 
q u c 

2 o s 
*a 


°^iSiSo 

rn c Q c int" 

#* m cs 


t-* NO Q Q ON m ^ 
t 0\00«-^ 
M(flWVnnh® 

■a- r~ m r- 

* CM 


SE88§«£ 

“giC^gSr, 


1 1 5 8 «• 

fe C-§ U 

-o § S as 
S-s *, «cS 
r? .a sj c 

I'ssit 

S?|*i 

fc'ssJhii 


®g88 

cn «n © 
t — t-— o 
* cn 


« «n Tt 

g“ <N © 

« r-. 


~ r- 
00 


"« C« 33 act - g- a 

° t: a s O £ 2 

*3 u JC n E Cl, ci. 

e c « w q, rr 

W *S O ^ 

m M U 2 « o (J 
< cn < CO < Q 065 


Q. Cl 

n Sr •»* 


PRE0EDING PAGE BLANK NOT FILMED 


D615- 10026-6 


285 



Common Lunar/Mars Vehicle Configuration Options 
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Common Lunar/Mars Vehicle 
Configuration Options 
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Lunar/Mars Excursion Vehicle Commonality 
Updated Preliminary Conclusions 
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Lunar/Mars Excursion Vehicle Commonality 
Updated Preliminary Conclusions 



Subsystem commonality (engines, mechanisms, avionics, ACS) is probably more 
appropriate for the larger class vehicles 



LEV/MEY Commonality Findings 
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LEV/MEV Commonality Findings 
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• Campsite or excursion lander only? 

• Boiloff or refrigeration? 

Realistic lunar and Mars cargo may be substantially different 
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LEV/MEV Commonality Conclusions 
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appears more appropriate for the larger class vehicles 
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Exem pjar O Element 0 Subvstem O Component Q Technology X None 
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B. S mall/Medium/Large Scale Evolution 
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V. Commonality/Evolution 

B. Program Scale Evolution - The lunar programs are classified into > three : scales 
which uSize the transportation architectures in varying degrees. Each scale 
objective smd is S3uo accomplishing the goal by varying assumpuons Tl^e smaU 
sSlescenario is a man-tended scientific outpost Crews of four will remain on the lunar 
surface overnight in a small “campsite”. The medium scale develops a permanent base 
fOT ferew Tfbc. In addition to die scientific nature of the base, lunar oxygen ^wtil be 
oroduced by the year 2010. The most ambitious program, the large scale, eventually 
leads to permanent settlement. The base continuously grows to accommodate 18 to 24 
Deoole by the year 2025. Along with the lunar oxygen plant, mdustnakzation is very 
SnpOTtam. Without specifying the type of the product, the industrial capabilities are 
equivalent to a 1 GWe Helium-3 plant 

After the program scales were established, a determination on required mass on die surface 
w^dettnninSalong with cargo sizes and volumes for manifesting Proses. Each 
program scale’s mass-to-the-surface requirements vary dependtop on the ™ratof ^ 
number of inhabitants, mission durations, and level of industrialization. ^ e _mass tor me 
medium scale program in the first 10 years is almost equivalent to that needed by the large 
scale program. The difference is seen in the subsequent 15 years of the two programs. 
The medium scale program continues without major modtficanonsto the base or number 
inhabitants while the largp scale program is always growing towards permanent settlement 

with increasing personnel. 

The number of cargo flights must be based upon the mass required by the program scale 
Sde^SnSng di^Sew rotation before scheduling the cargo flights is very important. In 
Sta SbSd-up itetoe Snonnel, some flights £ill return to the Earth without all 6 crew 

members on-bJard. The small scale program requires 13 rci 

vears to accomplish its goals. The medium scale must have 56 flights and the large scale 
Xres U3 flights both within 25 years. The cargo flights are manifested as tandem 
UTV^ince they are capable of delivering 55 t in one mission If LOR flights with lunar 
oxygen are used, the number of flights increases dramatically. These fhghts ^ ca P^e of 
delivering^ 25 t of cargo when the LEV is already in orbit around the Moon, and 15 t if the 

LEV is delivered from Earth. 

SS EK £££? « ^ppor] • <h f h-pgre " a 

are necessary to deliver the remaining cargo and crews. The HLLV (10 x 3U m 
stood) flights are 

is launched separately and is transferred to the LTVs while in LEO. 
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Program Scales For Transportation 
Architecture Analysis 
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Other Nuclear surface power 

In-situ science 
Science facilities >10 km 
from habitat site 
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Representative Lunar Base Applications 
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Lunar Mission - Small Scale 
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Lunar Mission - Small Scale 



STCAEM/ils/26Junc90 



Lunar Mission - Small Scale 
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Lunar Mission - Small Scale 
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Lunar Mission - Medium and Large Scales 
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Lunar Mission - Medium and Large Scales 
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Lunar Mission - Medium and Large Scales 



* Portable Geophysical Package 



Lunar Mission - Medium and Large Scales 
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Lunar Mission - Medium and Large Scales 
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Lunar Flights - Small Scale 



2025 Crew of 4 - Overnight, science mission. 
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Lunar Manifest Worksheet - Small Scale 
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Lunar Flights - Medium Scale 
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Crew Rotation - Medium Scale 



Note: These numbers indicate the year each mission was launched from Earth beginning in 2(XK). This numbering scheme remains 
constant for the return trip and stay times. 
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Crew Rotation - Medium Scale 



325 


Note: These numbers indicate the year each mission was launched from Earth beginning in 2000. I his numbering scheme remains 
constant for the return trip and stay times. 



Lunar Manifest Worksheet - Medium Scale 
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Lunar Manifest Worksheet - Medium Scale 
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Lunar Manifest Worksheet - Medium Scale 
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Lunar Manifest Worksheet - Medium Scale 
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Additional crew flights are not required to remain for long durations on the lunar 
surface. These missions may be "visitations" for scientific purposes. 
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Cargo Delivery Requirements - Large Scale 
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Requires 54 tandem LTV cargo flights 
May use additional LLOX cargo flights 
(these have not been manifested) 
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Note: These numbers indicate the year each mission was launched from Earth beginning in 2000. This numbering scheme remains 
constant for the return trip and stay times. 
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Note: These numbers indicate the year each mission was launched from Earth beginning in 2(XH). Tins numbering scheme remains 
constant for the return trip and stay times. 



Lunar Manifest Worksheet - Large Scale 





Lunar 

Population 

4 Crew, 4-6 
days on LS 

4 Crew, 40 
days on LS 

4 Crew, 40 
days on LS 

4 Crew, 40 
days on LS 

4 Crew, 40 
days on LS 

ETO 

Launches 

3IILLV 
1 Crew 

2IILLV 

1 Crew 

2 IILLV 
1 Crew 

I Crew 
(Cargo 
in STS 
flight) 

1 Crew 
(Cargo 
in S I S 
lliglil) 

Tankers 
in LEO 

m 

Total 
to LEO 

261 1 
261 1 
171 1 

not 

171 1 

Propellant 
to LEO 

209 1 
209 t 
131 1 
1341 

131 1 

Hardware Consumed 
(ETO Launch Rqts) 

2 LTVs, 1 Brake, 
Landing Legs, 
ACRV, Excursion 
Cab 

1 LTV, Excursion 
Cab, ACRV, 
Landing Legs 
(reuse 1 LTV and 
Brake) 

LEV, LTVCM, 
LEVCM, Brake 
(reuse LTV) 

None 

(reuse everything) 

LTV, LTVCM 
(reuse LEV 
components and 
Brake) 

Transportation 

Elements 

2 LTVs, 1 
Brake, Landing 
Legs, Excursion 
Cab, ACRV 

2 LTVs, 1 
Brake, Landing 
Legs, Excursion 
Cab, ACRV 

1 LTV, 1 Brake, 
1 LTVCM, 1 
LEV, 1 LEVCM 

1 LTV, 1 Brake, 
1 LTVCM, 1 
LEV, 1 LEVCM 

1 LTV, 1 Brake, 
1 LTVCM, 1 
LEV, 1 LEVCM 

Cargo 

Mass 

101 

101 

1C 

101 

101 

Mode 



LTVT 

Dir/fo 

LTVT 

Dir/fo 

LOR 

LOR 

LOR 

Mission 

Sortie 

Crew 

Crew 

Crew 

Crew 

Year 

2000 

2001 

2002 

2003 

2004 
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Lunar Modes Performance 

Crew Mission, 1 Ton Returned 
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Notes: • Crew size of 6 • Isp of 475 seconds 

• LEV crew module of 4.847 tons • LTV crew module of 8.91 1 tons 

* 1 ton of additional consumables 









